We report new major, trace and volatile element contents (H 2 O, CO 2 , F, S, Cl), and new Sr, Nd, Pb and He isotopes on submarine glasses from the Galapagos Archipelago from several dredging expeditions. Four groups are distinguishable on the basis of composition and geographical distribution: the Fernandina group ( 3 He/ 4
INTRODUCTION
Volatile elements (H 2 O, CO 2 , F, S, and Cl) assert a strong influence on mantle melting, magma crystallization, style of eruption, and on the viscosity and rheology of the mantle (Hirth & Kohlstedt, 1996; Gaetani & Grove, 1998; Asimow et al., 2004) . A significant amount of research has been devoted to characterizing the volatile content of the mantle (e.g. Michael, 1989 Michael, , 1995 Dixon et al., 2002; Saal et al., 2002; Stroncik & Haase, 2004) . One approach is to assess variations in volatile to refractory element ratios that share similar incompatibility during mantle melting and fractional crystallization (e.g. Michael & Cornell, 1998; Saal et al., 2002; Hauri et al., 2006; Beyer et al., 2012; Dalou et al., 2012; Rosenthal et al., 2015) . However, nearsurface processes, such as degassing, sulfide saturation, and melt-crust interaction, can significantly modify magmatic volatile/refractory element ratios in the melt (Michael, 1989; Dixon et al., 1995; Dixon, 1997; Michael & Cornell, 1998; Dixon & Clague, 2001; Saal et al., 2002; Stroncik & Haase, 2004; le Roux et al., 2006; Workman et al., 2006) . Therefore, it is important to evaluate these processes before extrapolating the observed variability of these ratios in the magmas to their mantle sources.
Oceanic hotspots, such as the Galapagos Archipelago, are ideal locations to study the volatile budget of the mantle because such melting anomalies contain several isotopically unique reservoirs, hypothesized to be the result of both recycled crustal and deep mantle material (e.g. Zindler & Hart, 1986; Hart et al., 1992; Hofmann, 1997; White, 2010) . However, only a limited number of studies have examined the volatile budget of mantle plumes and plume-influenced mid-ocean ridge basalt (MORB) (e.g. Schilling et al., 1980; Dixon & Clague, 2001; Dixon et al., 2002; Lassiter et al., 2002; Simons et al., 2002; Stroncik & Haase, 2004; Workman et al., 2006; Koleszar et al., 2009; Cabral et al., 2014; Kendrick et al., 2014 Kendrick et al., , 2015 Jackson et al., 2015) in comparison with studies that have focused on mid-ocean ridge basalts (Michael, 1989 (Michael, , 1995 Jambon et al., 1995; Michael & Cornell, 1998; Gillis et al., 2003; le Roux et al., 2006; Cartigny et al., 2008; Shaw et al., 2010; Le Voyer et al., 2015; Shimizu et al., 2016) . The studies that focus on results gathered for mantle plumes suggest that the mantle component characterized by a high 3 He/ 4 He signature (sometimes called FOZO, PHEM or C and indicative of a 'relatively undegassed' lower mantle; e.g. Kurz et al., 1982b; Allè gre et al., 1983; Farley et al., 1992; Hart et al., 1992; Hanan & Graham, 1996) has a higher volatile content (H 2 O, CO 2 , and Cl) relative to normal MORB (N-MORB) Saal et al., 2002; Simons et al., 2002; Cartigny et al., 2008; Koleszar et al., 2009) , whereas material with an isotopic signature associated with crustal recycling (high Sr and Pb and low Nd and Hf isotope ratios) is thought to be depleted in H 2 O while possessing variable, but higher, Cl contents relative to N-MORB (Dixon & Clague, 2001; Dixon et al., 2002; Saal et al., 2002; Stroncik & Haase, 2004; Workman et al., 2006; Cabral et al., 2014; Kendrick et al., 2014) . The data for S and F contents are limited in plume basalts. Plume lavas have highly variable S/Dy ratios, ranging from less than to greater than values observed in N-MORB, explained by both degassing and sulfide fractionation. Equally variable F/Nd ratios have been attributed to the presence of depleted mantle (F/Nd $ 18), primitive mantle (F/Nd $ 21) and variable amounts of recycled material in the source (F/Nd values ranging from similar to to higher than the primitive mantle) (Saal et al., 2002; Workman et al., 2006; Koleszar et al., 2009; Cabral et al., 2014; Kendrick et al., 2014) .
Isotopic studies of the Galapagos Archipelago and associated hotspot tracks have found the plume to be heterogeneous with four main regional isotopic endmember components: a high 3 He/ 4 He component (characterized by the melts of Fernandina Is.); two components (characterized by the melts of Pinta and Floreana Islands) with high but differing Pb isotopes, high Sr and low Nd and Hf isotope ratios; and a MORBlike end-member that is hypothesized to either be depleted upper mantle or a depleted component intrinsic to the Galapagos plume [Supplementary Data Fig. S1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org); e.g. Graham et al., 1993; White et al., 1993; Kurz & Geist, 1999; Hoernle et al., 2000; Blichert-Toft & White, 2001; Harpp & White, 2001; Werner et al., 2003; Saal et al., 2007; Koleszar et al., 2009; Kurz et al., 2009; Vidito et al., 2013] . Koleszar et al. (2009) presented volatile data for melt inclusions in a sample set from Fernandina (high 3 He/ 4 He source) and Santiago islands (MORB-like end-member) and found that the measured volatile/refractory element ratios were generally within the range observed in other high 3 He/ 4 He ocean island basalts (OIB) (Metrich et al., 1991; Dixon & Clague, 2001; Dixon et al., 2002; Nichols et al., 2002; Simons et al., 2002; Workman et al., 2006; Hartley et al., 2015) , and MORB (Saal et al., 2002; Shimizu et al., 2016) , respectively. However, the data were limited to olivinehosted melt inclusions picked from one sample collected at each location.
We present new geochemical data for a suite of 118 submarine glasses collected from across the Galapagos Archipelago, in an effort to determine the volatile budget of the plume. New volatile element concentrations (H 2 O, CO 2 , F, Cl, S) and new Sr, Nd, Pb and He isotope data, combined with new major and trace element and existing literature data on this suite of samples, provide new insights into the mantle beneath the archipelago. We first consider the effects of shallowlevel processes affecting the volatile contents of the basalts (crystal fractionation, degassing, sulfide saturation, and contamination with hydrothermally altered material). Once shallow-level processes have been accounted for, we evaluate the volatile contents in the different mantle sources contributing to magmatism in the Galapagos.
GEOCHEMICAL BACKGROUND
The Galapagos Archipelago is located in the equatorial Pacific, <200 km south of the Galapagos Spreading Center (GSC). The archipelago contains 21 emergent volcanoes that sit on a shallow submarine platform. Of these volcanoes, 16 have erupted since the Holocene, making it one of the most active volcanic regions in the world.
As stated above, the Galapagos Archipelago displays four main compositional end-member components, two of them (having long-term enrichment of incompatible trace elements) occurring in the southern and northern regions, a high 3 He/ 4 He component occurring in the west, and a normal MORB-like end-member prevalent in the center and NE region of the archipelago (Swanson et al., 1974; Vicenzi et al., 1990; White et al., 1993; Kurz & Geist, 1999; Hoernle et al., 2000; Harpp & White, 2001; Harpp et al., 2002 Harpp et al., , 2003 Saal et al., 2007; Gibson et al., 2012) . The western component, found primarily near Fernandina Island (Fig. 1 Hf ratios and high 3 He/ 4 He ratios (Supplementary Data Fig. S1 ) up to 29 R A ( 3 He/ 4 He ratio normalized to the atmospheric ratio 1Á384 Â 10 -6 , R/R A ) (Graham et al., 1993; White et al., 1993; Kurz & Geist, 1999; Blichert-Toft & White, 2001; Harpp & White, 2001; Kurz et al., 2009) corresponding to the FOZO component of Hart et al. (1992) Fig. S1 ; Kurz & Geist, 1999; Blichert-Toft & White, 2001; Harpp & White, 2001; Saal et al., 2007) . The low Nd and Hf isotopes and the elevated D7/4 and D8/4 are within the range of the DUPAL anomaly, a large geochemical domain in the southern hemisphere with an isotopic signature consistent with recycled crustal material (e.g. Hart, 1984) . The single 3 He/ 4 He measurement made for a Pinta lava (6Á9 R A ; Kurz & Geist, 1999) is in the lower part of the range defining MORB, akin to the low variation seen in the Southwest Indian Ridge (e.g. Kurz & Jenkins, 1981; Kurz et al., 1982a; Graham et al., 2001 Graham et al., , 2013 Detrick et al., 2002; Georgen et al., 2003; Colin et al., 2011 Fig. S1 ; Bow & Geist, 1992; White et al., 1993; Kurz & Geist, 1999; Blichert-Toft & White, 2001; Harpp & White, 2001; Kurz et al., 2009; Harpp et al., 2014) . This end-member is isotopically most similar to the HIMU mantle component, although its high 87 Sr/ 86 Sr and
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Hf/ 177 Hf ratios make it atypical in comparison with other HIMU magmas (Bow & Geist, 1992; Harpp & White, 2001; Harpp et al., 2014) . We note that the radiogenic isotope determinations for this end-member are generally restricted to samples collected subaerially from the island itself, whereas the submarine platform near the island mostly has an isotopic signature similar to Sierra Negra and Cerro Azul Volcanoes (e.g. Harpp et al., 2014) . The Sierra Negra and Cerro Azul Volcanoes, located in the southern half of Isabela Island, are characterized by intermediate compositions between those of Fernandina, Floreana and Pinta (White et al., 1993; Kurz & Geist, 1999; Blichert-Toft & White, 2001 White et al., 1993; Harpp & White, 2001) . The glasses of this study cover almost all the major geochemical domains in the Galapagos, although only one submarine glass with the isotopic signature of the Floreana component was obtained from dredge cruises around the Archipelago (Geist et al., 2008) .
ANALYTICAL METHODS
Multiple glass chips were hand-picked from a suite of 118 dredged pillow basalts collected during the dredging operations of the PLUME02 cruise in 1990 (Christie et al., 1992) , the AHA-Nemo-2 cruise using the R.V. Melville in 2000 (Geist et al., 2006) , the DRIFT04 cruise using the R.V. Revelle in 2001 (Kurz et al., 2001 ) and the R.V. Sonne cruise SO 158 in 2001 (Werner, 2002) . The locations of dredges are reported in Table 1 and shown in Fig. 1 . The dataset in Table 1 is only a summary of selected, representative samples from each group: the complete dataset is included in Supplementary Data Electronic Appendix 1, which includes a summary of previous literature data along with the new data completed for this study (Supplementary Data are available for downloading at http://www.petrology.oxfordjournals.org). Major, trace and volatile element concentrations were obtained by replicate analyses on 2-4 glass chips picked from the same sample. The glass chips were mounted in indium and analyzed for major, trace and volatile elements. Precision is reported as 2r standard error unless otherwise stated. Major element concentrations were determined using the Cameca SX-100 electron microprobe at the Department of Earth, Environmental and Planetary Sciences (DEEPS), Brown University. Analyses were performed using 15 kV accelerating voltage, 15 nA beam intensity, and 5 lm beam diameter for the glasses and PAP correction procedures (Pouchou & Pichoir, 1991; Devine, 1995) . Primary standards used for calibration are USGS glasses BCR-2G, BIR-1G and AGV-2, Wilberforce apatite, Amelia albite (Purdue), fayalite (NMNH85276), rhodonite (NMNH104738), and synthetic samples of forsterite (FO97), rutile, and orthoclase (OR1). Smithsonian basaltic glass VG-2B (USNM 111240) was monitored as a secondary standard (Table 1) . Precision for major elements is usually better than 2% for SiO 2 , TiO 2, Al 2 O 3 , FeO* (FeO* refers to the total iron content of the glass), MgO, and CaO, better than 7% for K 2 O and Na 2 O, better than 10% for P 2 O 5 , and better than 20% for MnO. Trace element analyses [Rb, Ba, Th, U, Nb, K, Pb, Sr, P, Zr, Hf, Ti, and rare earth elements (REE)] were conducted in three sessions. The first session was performed on the Cameca 6F Ion Probe at the Department of Terrestrial Magnetism (DTM), Carnegie Institution for Science using the techniques of Shimizu & Hart (1982) . The second and third sessions were performed at the Graduate School of Oceanography, University of Rhode Island, using a Thermo X-Series II quadrupole inductively coupled plasma mass spectrometry (ICP-MS) system coupled with a New Wave UP 213 Nd-YAG laser ablation (LA) system, using a spot size of 80 lm, 60% energy output and 10 Hz repeat rate. The second session was performed on some of the glasses previously analyzed by secondary ionization mass spectrometry (SIMS); we found the data to be consistent between both techniques, while acquiring several new elements (Pr, Tb, Ho, Tm, Lu) using LA-ICP-MS. The third session was performed to expand the dataset. Techniques and procedures used for reducing trace element data, gathered during the LA-ICP-MS sessions, have been described by Kelley et al. (2003) using 43 Ca as an internal standard for the glasses. Calibration curves were generated using eight natural-composition glasses from the USGS (BIR-1G, BCR-2G, BHVO-2G) and the Max Planck Institute [KL2-G, ML3BG, StHs6/80-G, GOR132-G, T1-G (Jochum et al., 2006) ]. Precision for trace element analyses is better than 10% (2r). The standard KL2-G was measured by both SIMS and LA-ICP-MS. A comparison of the measurements against accepted values (Jochum et al., 2006) is available in Supplementary Data Electronic Appendix 2. Volatile element analyses (H 2 O, CO 2 , F, S, and Cl) were performed on the Cameca 6F Ion Probe at DTM, Carnegie Institution for Science using a Cs þ primary beam. For volatile element analyses, we used the technique and standards previously described by Hauri (2002) . Precision is typically better than 9% for H 2 O, F, S and Cl, and better than 15% for CO 2 (2r).
Many isotope ratios and noble gas measurements used for the Galapagos Archipelago in this study have been taken from the literature (Graham et al., 1993; Harpp & White, 2001; Geist et al., 2008; Kurz et al., 2009) . New isotope data are presented in Table 1 . New Sr, Nd, Pb and He isotope analyses for samples collected during the DRIFT04 and AHA-Nemo-2 cruises were conducted at the Woods Hole Oceanographic Institution. Prior to dissolution for Sr-Nd-Pb isotopic analysis, chips were leached for 1 h in 6N HCl. Conventional ion-exchange procedures were used and the isotope ratios were measured with a Thermo-Finnigan NEPTUNE multicollector (MC)-ICP-MS system. Typical procedural blanks are <100 pg for Sr analyses, <30 pg for Nd analyses and 30-50 pg for Pb analyses. Internal 2r precision for Sr and Nd isotopic ratios is $5-10 ppm and between 15 and 60 ppm for Pb. The external reproducibility, after normalization for the NBS987 ( Nd ¼ 0Á511847), is $25 ppm and $15 ppm (2r) respectively. External reproducibility for Pb isotopes ranges from 150 to 200 ppm (2r), similar to the external reproducibility of isotopic ratios obtained from Geist et al. (2008) . Isotopic ratios in Table 1 from the PLUME02 cruise have reported errors of He isotope analyses previously published by Graham et al. (1993 ) Harpp et al. (2003 and Kurz et al. (2009) are in regular font; our new data are in bold. 3 He/ 4 He ratio normalized to the atmospheric ratio 1Á384 Â 10 -6
, R/R A . 3 Sr-Nd-Pb isotopes analyses previously published by Harpp & White (2001) and Geist et al. (2008) Pb ¼ 36Á7006. For He isotopic analyses, glasses were cleaned ultrasonically once in distilled water, weak nitric acid and hydrogen peroxide, followed by a second cleaning in distilled water and acetone. Chips were selected from cleaned glasses to be crushed in vacuum for measurement of helium abundance and isotopic composition using simultaneous collection of 3 He and 4 He in a fully automated mass spectrometer dedicated to helium measurements at the Woods Hole Oceanographic Institution. All the new helium data were obtained by crushing in vacuum, and are all from the Galapagos platform (DRFT04 D38 to D69; see Table 1 and Supplementary Data Appendix Table 1 ). As ion probe measurements are performed on the glass, the C/ 3 He ratios presented here are calculated from the helium concentrations obtained from a subset of the Fernandina samples that had coupled crushing/melting (using the melting step only), as reported by Kurz et al. (2009) . A description of the methods has been given by Kurz et al. (2004 Kurz et al. ( , 2009 . Helium blanks measured during the course of the sample runs were typically less than 4 He ¼ 5 Â 10 -11 cm 3 STP.
RESULTS
The majority of the samples analysed in this study, collected from submarine dredges, fall into four groups that are distinguishable from each other in terms of both geographical location ( Fig. 1) He ratios above and below 22 R A (Fig. 5) , the high 3 He/ 4 He ratio samples can be found exclusively around the island of Fernandina (Fig. 1) . These samples are referred to as the Fernandina group, and the rest are referred to as the Sierra Negra group. The isotopic compositions of the Sierra Negra group are similar to the lavas that characterize the Sierra Negra Volcano and Cerro Azul Volcano, and for simplicity are referred to as the Sierra Negra group. Many of the samples in this study vary from isotopically and incompatible trace element depleted lavas similar to those from Genovesa Island and to depleted MORB (DM group; Figs 4 and 5, Supplementary Data Figs S2 and 3) , to incompatible trace element enriched glasses characterized by low 3 Fig. 5, S3 ). The DM group samples were mostly collected within the northeastern seamounts, whereas the samples of the Pinta group were exclusively collected along the WolfDarwin lineaments (Fig. 1) The major element compositions of the glasses in this study indicate that the bulk of the samples are tholeiitic basalts, with only a small subset of samples with an alkalic composition, defined by Dalkalinity (Macdonald & Katsura, 1964) . The alkalic samples are within the Sierra Negra group glasses with anomalously high Al 2 O 3 , Na 2 O and K 2 O at low MgO contents ( Fig. 2 ; Dalkalinity ¼ 1Á3-5Á2), in addition to one glass from the Fernandina group (AHA24b, Dalkalinity ¼ 1Á40) and the one glass with the isotope composition of Floreana (D69b, Dalkalinity ¼ 3Á36). Glasses have MgO contents ranging between 5 and 9Á85 wt %. Lavas that fall between the compositions of Fernandina and Sierra Negra/Cerro Azul Volcanoes are generally more evolved (Fernandina and Sierra Negra Groups average MgO content of 6Á16 wt %) than samples that fall between the compositions of MORB and Pinta-WolfDarwin Islands (DM and Pinta groups average MgO content of 8Á00 wt %) (Fig. 2 ). This is consistent with an inferred higher magma flux near the plume conduit, which is hypothesized to be near to Fernandina (Hooft et al., 2003; Villagomez et al., 2007 Villagomez et al., , 2014 , leading to the formation of well-developed magma chambers that produce more differentiated and homogeneous lavas in the western sector of the archipelago . In contrast, lavas from the north and northeastern sectors are generated under a lower magma flux that precludes the formation of large magma chambers and promotes the eruption of less differentiated lavas (Saal et al., 2007) .
To evaluate the effects of magma differentiation we calculated liquid lines of descent (LLDs) using PetroLog3 for progressive crystallization of olivine, plagioclase, and clinopyroxene (Danyushevsky & Plechov, 2011) . We considered the compositions and water contents of a trace element enriched (Fernandina inclusion) and a depleted (Santiago inclusion) composition, both reported in Table 2 (Koleszar et al., 2009) , to partially bracket the composition of the samples in this study. This modeling was done for isobaric fractional crystallization at 2 kbar. Pressure was chosen to be an average of the entrapment pressure of these Fernandina and Santiago melt inclusions, which were found to be the least degassed. This is consistent with the average pressure of crystallization of Fernandina lavas from Geist et al. (2006) and provides a good fit to the data, although varying this pressure from 500 to 4000 bars does not significantly change the interpretation of the LLDs. The same conclusion is reached if parameters such as the water content of the starting compositions are varied. The results of this simple modeling (Fig. 2) show that the major elements for the glasses of this study cannot be produced by a single LLD, indicating that several mantle sources are needed to produce the geochemical variability found in the lavas. This is consistent with the significant variation in trace element contents and isotope ratios measured in our samples (Fig. 5) . Therefore, melting different mantle sources followed by mixing of the melts is needed to create the array of compositions shown by the glasses of this study.
A notable feature of the DM group glasses is that, at high MgO contents, they have much higher Al 2 O 3 and lower TiO 2 and FeO* contents than predicted by the LLD. These samples also overlap the range of the Santiago melt inclusions affected by plagioclasecumulate assimilation (Koleszar et al., 2009; Peterson et al., 2014) suggesting that the same process might have affected the DM glasses (Fig. 2) . This is consistent with the strong correlation between Sr/Sr* (Sr PM / Superimposed on the glass data are the predicted liquid lines of descent (LLDs) calculated using PetroLog3 (Danyushevsky & Plechov, 2011) . The calculations are performed isobarically at 2 kbar pressure for two different starting compositions, which are given in Table 2 . It should be noted that the entire range in major elements cannot be reproduced by a single LLD. Blue LLD calculated from primitive melt inclusion AHA-D25C-3-43 (indicated by a grey triangle outlined in blue), collected from a submarine dredge, which has an enriched composition similar to those of Fernandina lavas. Green LLD calculated from a primitive melt inclusion STG06-29-06 (indicated by a grey triangle outlined in green), collected from Santiago, which has a depleted composition similar to MORB. Compositions were chosen so that the LLDs would bracket the range of data. Melt inclusion (MI) compositions reported by Koleszar et al. (2009) are shown by labelled grey fields. Errors are 2r standard error.
[(Pr PM þ Nd PM )/2]) and Al 2 O 3 contents shown by the samples (Fig. 3) . Sr/Sr* is the magnitude of the Sr anomaly on a primitive mantle (PM) normalized trace element diagram and is a metric of plagioclase assimilation (Sr/Sr* > 1) and fractionation (Sr/Sr* < 1) (Fig. 4) . The Santiago melt inclusions show progressive assimilation of plagioclase cumulates during magma differentiation, indicated by a negative correlation between Sr/Sr* and MgO contents. The DM group samples have the opposite relationship between MgO and Sr/Sr*. The highest MgO glasses in this study start out with very high Sr/Sr* ratios and Al 2 O 3 contents that Peterson et al. (2014) and LLDs as calculated in Fig. 2 . It should be noted that a significant number of samples from the DM group fall outside the area defined by the LLDs. In (a) DM group data follow the same trend between Sr/Sr* and Al 2 O 3 as defined by the Santiago melt inclusions, which indicates simple plagioclase assimilation. However, in (b) the DM group samples define an opposite trend to the Santiago melt inclusions, with only the highest MgO content and Sr/Sr* glasses overlapping with the middle of the field defined by the melt inclusions. This indicates that the glasses with the highest MgO wt % have initially assimilated plagioclase and later began to crystallize plagioclase out, causing the opposite trend to the Santiago melt inclusions in Sr/Sr* vs MgO wt %. Errors are 2r standard error. et al., 1969; Baitis & Lindstrom, 1980; Cullen et al., 1989b; Vicenzi et al., 1990; Bow & Geist, 1992; White et al., 1993; Geist et al., 1995 Geist et al., , 2002 Reynolds & Geist, 1995; Standish et al., 1998; Schilling et al., 2003; Saal et al., 2007; Gibson et al., 2012) . Inset shows the high MgO content DM and Pinta group glasses that have the largest Sr anomalies and have been affected by plagioclase assimilation. Normalization values from McDonough & Sun (1995) .
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then decrease with decreasing MgO contents. This indicates that the least evolved glasses underwent significant plagioclase assimilation (causing the high Sr/Sr* ratios and Al 2 O 3 contents of the highest MgO samples), followed by crystallization of plagioclase during subsequent differentiation, thus causing the positive correlation between MgO and Sr/Sr*.
Fernandina group and Sierra Negra group
The samples that fall between the compositions of Fernandina Island and Sierra Negra/Cerro Azul volcanoes are enriched in incompatible trace elements ( He ratio normalized to the atmospheric ratio 1Á384 Â 10 -6 , R/R A ) correspond to the Pb isotope composition indicative of Fernandina whole-rocks; also that the Pinta and DM groups define a compositional range from near Genovesa (MORB-like) to near Pinta-Wolf-Darwin Islands. Some of the isotopic data were previously reported by Harpp & White (2001) and Geist et al. (2008) ; the rest are new data. Both previously reported and new data are given in Table 1 . The grey fields are defined by previously published isotope data for whole-rock basalts from different islands and the GSC (Cullen et al., 1989b; White et al., 1993; Reynolds & Geist, 1995; Blichert-Toft & White, 2001; Schilling et al., 2003; Saal et al., 2007; Ingle et al., 2010) , whereas the yellow and green fields show unpublished isotopic data for the DM and Pinta groups, respectively, from the SONNE SO158 cruise (K. Hoernle, personal communication).
The end-member isotopic compositions of the Fernandina and Sierra Negra groups are distinct, with samples that have 3 He/ 4 He ratios between 22 R A and 28Á82 R A (Fernandina group) showing, on average, lower Pb and Sr at similar Nd isotope ratios than samples from the Sierra Negra group with 3 He/ 4 He ratios less than 22 R A . This is consistent with previously measured isotopes for Fernandina and Sierra Negra/Cerro Azul whole-rock samples (Fig. 5) (White et al., 1993; Kurz & Geist, 1999; Saal et al., 2007; Kurz et al., 2009) . In addition, the Fernandina group samples generally have high Ti/Gd ratios in comparison with the Sierra Negra group (Supplementary Data Fig. S4 ). High Ti anomalies on a primitive mantle normalized trace element diagram are cited as a characteristic of the FOZO mantle source (e.g. Saal et al., 2007; Jackson et al., 2008) . This suggests that there is a percentage of the FOZO endmember in the Fernandina mantle source, consistent with the high 3 He/ 4 He ratios shown by the Fernandina group (Figs 4 and 5; Supplementary Data Fig. S3 ). In a recent study by Peters & Day (2014) , the authors questioned the significance of the Ti anomalies as a global indicator of a high 3 Fig. S4 ) with magmatic processes. Therefore, the Ti anomalies in the Fernandina samples most probably reflect a characteristic of their mantle source.
There is one glass sample collected near the island of Floreana (Fig. 1 ) that shows the isotopic composition associated with the Floreana mantle end-member ( Fig. 5 ; DRFT04-D69b). The trace element and isotope signature of this glass demonstrates how mixing of the Floreana and Fernandina end-members could be responsible for the composition of the Sierra Negra group glasses. High Th/La, Ti/Gd, and Nb/Zr ratios and lower Sm/Yb ratios (Supplementary Data Fig. S2 ) characterize this sample, which is consistent with what has been previously found for Floreana (White et al., 1993; Saal et al., 2007; Harpp et al., 2014) .
DM group and Pinta group
The samples that fall between the composition of MORB and the Pinta-Wolf-Darwin Islands have incompatible trace element contents and isotope compositions that range from depleted (DM group), equivalent to those observed in MORB, to enriched compositions (Pinta group), with the Pinta group being distinct from the Sierra Negra group in terms of Th/La ratios and Pb isotopes (Figs 4 and 5; Supplementary Data Figs S1 and S2) . The maximum Nb/Zr (0Á15) and Ti/Gd (2648) ratios of the Pinta group overlap values seen in the Fernandina and Sierra Negra groups (Supplementary Data Fig. S1 ). As mentioned above, the Sm/Yb ratios for both the DM (0Á74-1Á27) and Pinta groups (0Á73-1Á77), however, are almost universally lower, which is most probably indicative of melting in the shallower spinellherzolite stability zone. The range in Th/La ratios of the DM (0Á07-0Á02) and Pinta groups (0Á06-0Á13) is the most distinctive characteristic of these samples, reaching significantly higher (Pinta group) and lower (DM group) than those of the Fernandina and Sierra Negra groups (Supplementary Data Fig. S2) . A high Th/La ratio is a characteristic of lavas from Pinta (Saal et al., 2007) , whereas a low Th/La ratio is typical of MORB.
Samples from the DM and Pinta groups have 3 He/ 4 He ratios ( Fig. 5 ; DM ¼ 7Á27-8Á79, Pinta ¼ 6Á87-8Á81 R A ) within the range for MORB, with the lowest value found in samples from the Pinta group (Kurz & Jenkins, 1981; Kurz et al., 1982b Kurz et al., , 2009 Graham et al., 1993 Graham et al., , 2001 Graham et al., , 2013 et al., 1989a; White et al., 1993; Harpp & White, 2001; Saal et al., 2007) . High Th/La ratios and D7/4 and D8/4 values are characteristics commonly attributed to the presence of an older recycled crustal component in the source of OIB (e.g. Hofmann, 1997) . A greater crustal component in the Pinta group over the lavas from the other groups is consistent with its low 3 He/ 4 He, although more data are required to confirm that the Pinta group has higher D7/4 and D8/4 and lower 3 He/ 4 He than MORB. These characteristics are also consistent with plumes that contain an enriched mantle (EM) component such as the Samoa, Pitcairn and Society plumes (e.g. Stracke et al., 2003; Workman et al., 2006; Kendrick et al., 2014) . The range in trace element and isotopic compositions of the DM and Pinta groups completely overlaps with the composition demarcated by samples from the GSC (Fig. 5, Supplementary Data Figs S2 and Fig. 5, S3 ). The compositions of submarine samples collected just north of Isabela Island do not match the compositional range defined by any of the groups, but they are consistent with those measured in whole-rock lavas from Wolf Volcano. The glasses collected from north of Isabela have Th/La ratios and Sr, Nd and Pb isotopic compositions similar to MORB, but with higher Nb/Zr, Sm/Yb and Ti/Gd ratios, consistent with a low degree of melting in the garnet-lherzolite stability field of a depleted mantle as previously proposed for Wolf Volcano lavas (Geist et al., 2005; Saal et al., 2007) .
The samples from this study cover almost the entire geochemical range measured in the Galapagos. As such, the variation in the volatile data from these glasses will be representative of the range in volatile contents between the different regional end-members of the Galapagos plume.
Volatiles
There is a large range in volatile concentrations exhibited by the Galapagos submarine glasses, with H 2 O concentrations varying from 0Á10 to 1Á23 wt %, CO 2 from 10Á7 to 193Á7 ppm, F from 61Á4 to 840Á7 ppm, S from 715 to 2185 ppm and Cl from 3Á80 to 875 ppm. These concentrations are within the range found in other OIB (Dixon & Clague, 2001; Dixon et al., 2002; Hauri, 2002; Simons et al., 2002; Workman et al., 2006; Cabral et al., 2014; Kendrick et al., 2014) . Concentrations of H 2 O, F, Cl, and S generally increase with decreasing MgO wt % as is predicted by calculated LLDs from primitive melt inclusions (Koleszar et al., 2009) (Fig. 6 ; parameters such as partition coefficients for volatile elements for LLD models are included in Table 2 ), although the data do deviate from the LLD models. This deviation is most probably due to a combination of shallow-level processes and source heterogeneity. To overcome the effect of crystal fractionation we consider ratios of volatile to refractory elements with similar incompatibility during melting and crystallization (CO 2 /Nb, H 2 O/Ce, F/ Nd, Cl/K, and S/Dy, Fig. 6 ) (Schilling et al., 1980; Michael, 1995; Michael & Cornell, 1998; Danyushevsky et al., 2000; Saal et al., 2002; Hauri et al., 2006; Workman et al., 2006) . Once we account for the effect of shallow-level processes such as degassing, sulfide saturation and assimilation of hydrothermally altered material, the volatile to refractory element ratios provide a straightforward approach to determine the volatile budgets of the different mantle components forming the Galapagos plume.
DISCUSSION

Shallow-level process Degassing
The partitioning of H 2 O, CO 2 , S, F, Cl from melt to a gas phase is controlled by the melt and gas composition, fO 2 , solubility and speciation of the volatiles, temperature and pressure (e.g. Unni & Schilling, 1978; Rowe & Schilling, 1979; Stolper & Holloway, 1988; Carroll & Webster, 1994; Dixon et al., 1995; Dixon, 1997; Rosenthal et al., 2015) . Primary, undegassed CO 2 /Nb ratios are predicted to range from $ 300 to 600 (Saal et al., 2002; Cartigny et al., 2008; Shimizu et al., 2016) . Only a few samples from the DM group, those having the lowest Nb contents, are in this CO 2 /Nb range, consistent with undegassed melt, with all other samples having much lower ratios (Fig. 6b) . To assess the pressure of CO 2 -H 2 O saturation for the measured compositions of the glass we used the model of Dixon et al. (1995) and to evaluate the effects of degassing on the CO 2 and H 2 O contents of the samples we applied the VolatileCalc program (Newman & Lowenstern, 2002) . The pressure of CO 2 -H 2 O vapor saturation ranges from 22 to 472 bars with only 10 glasses from the DM and Pinta groups and two samples from the Fernandina group reaching equilibration pressures 100 bars (Fig. 7a) . The starting compositions used for the degassing model were the least degassed (highest CO 2 ) compositions from the DM and Sierra Negra groups (samples PL02-9-29 and D49A, respectively). Calculated degassing paths for both open-and closed-system degassing predict extensive degassing of CO 2 , whereas only closed-system degassing shows more than a negligible loss of H 2 O of up to 26% in initially H 2 O-rich melts once they reach a saturation pressure of less than 100 bars (Fig. 7a) . Thus, for the Galapagos glasses to achieve this magnitude of H 2 O loss would require pressures significantly lower than is typical for the glasses in this study. Therefore, the samples are extensively degassed for CO 2 and minimally degassed for H 2 O, and, as a result, the range in H 2 O contents measured cannot be explained by degassing alone. Instead, the range is due to a combination of assimilation and mantle source heterogeneity, as will be discussed below. Only the few samples in the DM group with CO 2 /Nb ratios !300, consistent with the CO 2 /Nb ratios of undegassed depleted MORB mantle (Saal et al., 2002; Shimizu et al., 2016) , can potentially be used to assess the CO 2 content of the depleted component of the Galapagos mantle.
F, Cl and S are usually considered not to be affected by degassing processes in hotspot and ridge settings for samples erupted at pressures higher than $50 bars (Unni & Schilling, 1978; Rowe & Schilling, 1979; Carroll & Webster, 1994) . None of the Galapagos samples have unusually low F/Nd or Cl/K ratios, suggesting that they have not degassed significant amounts of these volatile elements. However, there are a small number of submarine glasses and previously reported melt inclusions (Koleszar et al., 2009 ) that were collected over a range of pressures that have unusually low S/Dy ratios (Fig. 7b) . By comparing the calculated CO 2 -H 2 O saturation pressure with the S/Dy ratios of both the melt inclusions and the glasses it becomes apparent that, for pressure of saturation below $400 bars, the S/Dy ratios switch from being relatively constant to decreasing with decreasing saturation Table 2 . (a, b) CO 2 ppm vs MgO wt % and Nb ppm. It should be noted that CO 2 is degassed in the Santiago inclusion chosen for LLD modeling. An inclusion with a higher CO 2 content was not chosen for modeling because the other inclusions were both more evolved and showed a larger signature of assimilation (higher Sr/Sr*). (c, d) H 2 O wt % vs MgO wt % and Ce ppm. (e, f) F ppm vs MgO wt % and Nd ppm. (g, h) Cl ppm vs MgO wt % and K ppm. (i, j) S ppm vs MgO wt % and Dy ppm. Black lines (in the case of H 2 O vs Ce, F vs Nd, Cl vs K, and S vs Dy) delineate the volatile/refractory element ratios that bracket the data or are commonly cited mantle volatiles/refractory element ratios (in the case of CO 2 vs Nb; MORB source ratio CO 2 /Nb ¼ 300 (Saal et al., 2002) , enriched source ratio CO 2 /Nb ¼ 600 (Cartigny et al., 2008) with CO 2 /Nb ¼ 400 representing an intermediate source). It should be noted that whereas H 2 O, F, Cl, and S contents increase with decreasing MgO wt %, indicating that crystal fractionation has some control over the volatile content, the CO 2 content is relatively constant, indicating that CO 2 is controlled by degassing. pressure ( Fig. 7b ; note in this figure that the glasses of this study have been filtered for samples with Sr/ Sr* > 1; see the section on Assimilation). The trend in the glasses and melt inclusions is not due to mixing of melts with variable S/Dy ratios because melt inclusions from both Santiago (MORB component) and Fernandina (high 3 He/ 4 He component) show relatively constant S/Dy ratios at high saturation pressures. This suggests that S begins degassing at higher pressures than originally thought and that the low S/Dy ratios (<175) in the glasses of this study are the result of S degassing.
An interesting observation can be made when comparing the calculated CO 2 -H 2 O saturation pressure with the collection pressure for glasses from the Galapagos and other OIB with MORB samples (Fig. 7c) . Most samples erupted at mid-ocean ridges [East Pacific Rise (EPR), Galapagos Spreading Centre (GSC), etc.] on average fall above a 1:1 line, indicating that they are supersaturated with CO 2 -H 2 O vapor at the depth of eruption, representing melt that migrated from the magma chambers to the surface quickly enough to prevent meltvapor diffusive equilibration (le Roux et al., 2006, and references therein). This is also shown by the samples from the DM group, with all but one of the samples having CO 2 /Nb ratios !300 being supersaturated at the pressure of eruption. In contrast, samples with more enriched compositions (based on isotope ratios, incompatible trace elements and volatile contents) from different OIB, including the Galapagos glasses in this study, fall within error of the 1:1 line. This observation indicates that melts were able to equilibrate at every pressure until eruption and quenching. This suggests a fundamental difference between OIB and MORB in the ratio of the melt transport rate to the CO 2 -H 2 O diffusive gas-melt equilibration rate, the implication being that melts are upwelling in oceanic islands at a rate that allows for continuous gas-melt re-equilibration, or that the composition of OIB melt allows for faster CO 2 -H 2 O diffusion.
Samples that fall below the 1:1 line between pressure of saturation and pressure of collection are thought either to have erupted at a shallower level and rolled downslope or to be undersaturated in CO 2 -H 2 O. Of the samples from this study that fall below the 1:1 line, none of them are definitively undersaturated in CO 2 -H 2 O. All were collected either from local topographic lows or from sections of steep topography, making it likely that these could have rolled downhill.
Sulfide saturation
The sulfur concentration at sulfide saturation is the maximum amount of sulfur that can be dissolved in a melt and is dependent on temperature, pressure, oxygen fugacity, sulfur fugacity and bulk composition (Wallace & Carmichael, 1992; Carroll & Webster, 1994; Mavrogenes & O'Neill, 1999; Holzheid & Grove, 2002; O'Neill & Mavrogenes, 2002; Liu et al., 2007; Moune et al., 2009; Fortin et al., 2015; Wykes et al., 2015) . To evaluate if the glasses reached sulfide saturation, we calculated the concentration of sulfur needed to saturate a sulfide liquid using the model of Fortin et al. (2015) , which specifically accounts for the effect of water. The input parameters of the model include composition, temperature, and pressure. The composition is input as mole fractions of oxides, using FeO* as the iron component and including a term for H 2 O content. To calculate the pre-eruptive temperature of the melt, we use an equation from Wallace & Carmichael (1992) , which utilizes the predictable variation of Al 2 O 3 and MgO content of a melt undergoing crystal fractionation, with an incorporated correction for the effect of H 2 O content on the liquidus (Medard & Grove, 2008) . Calculated temperatures vary from 1092 to 1255 C, with an estimated error in the calculation of 69 C (1r). We are interested in the pressure at which fractional crystallization is occurring and where sulfides could be separated from the melt. Therefore, we set the pressure of the calculation to 2 kbar, which is the pressure used to calculate the LLDs in the results section above. Varying pressure between 2 kbar and the pressure of vapor CO 2 -H 2 O saturation (Dixon et al., 1995) for individual samples does not significantly change the results of the model. Model input H 2 O contents are taken directly from measurements. The model of Fortin et al. (2015) is assumed to be the best approximation because it is the only available model that specifically includes the effect of water on sulfide saturation. The samples range from just sulfide saturated to undersaturated at 2 kbar of pressure (Fig. 8) . None of the samples identified as having partitioned S into a gas phase are sulfide saturated. It seems that samples from the Fernandina and Sierra Negra groups are closer to sulfide saturation than those from the DM or Pinta groups. This could be due to the fact that the Fernandina and Sierra Negra groups are more evolved than the DM and Pinta groups, resulting in higher S contents closer to sulfide saturation.
Assimilation
The variation in volatile elements with refractory elements shown in Fig. 6 indicates that whereas, in general, H 2 O, Cl, and S are correlated with Ce, K, and Dy, respectively, there is a large dispersion in the volatile data at a given refractory element value. Only F shows very little dispersion at a given value of Nd. Because degassing of H 2 O, Cl, and S (for the majority of the glasses) has been shown to be negligible, the dispersion is indicative of a secondary process affecting the volatile/refractory element ratios and/or variation in the volatile/refractory ratios of the mantle source. The presence of carbonates in hydrothermally altered crust (e.g. Alt et al., 2012) indicates that CO 2 /Nb ratios may also be affected by the assimilation of hydrothermally altered components. However, for the Pinta, Sierra Negra and Fernandina groups, extensive degassing of CO 2 (Fig.  7a) makes it difficult to assess the impact of assimilation on CO 2 contents. Only the DM group, with samples that have CO 2 /Nb ratios >300, has potentially preserved the imprint of assimilation, which will be discussed in this section.
Variation in the Cl/K ratios is used as an indicator of assimilation of hydrothermally altered material owing to the high concentration of Cl in seawater and brines percolating through the oceanic crust (QuinbyHunt & Turekian, 1983 ) compared with magmas. Uncontaminated mantle sources have Cl/K ratios that range from c. 0Á01 to 0Á08 (Fig. 9) (Michael, 1989; Michael & Cornell, 1998; Stroncik & Haase, 2004; Workman et al., 2006; Shimizu et al., 2016) . Oceanic lithosphere that has interacted with seawater tends to have large amounts of Cl, and thus, a much higher Cl/K ratio than uncontaminated melts (Michael, 1989 & Cornell, 1998; Kent et al., 1999a Kent et al., , 1999b Coogan et al., 2003; Gillis et al., 2003; Straub & Layne, 2003; Stroncik & Haase, 2004; le Roux et al., 2006; Bonifacie et al., 2008; John et al., 2011) . Therefore the assimilation of seawater-altered material is strongly reflected in the Cl/K ratios of the lavas. All of the groups in this study have glasses that show Cl enrichment to some degree beyond what would be expected for an uncontaminated melt ( Fig. 9d  and i) . The DM group (Cl/K ¼ 0Á024-0Á772) and the Pinta group (Cl/K ¼ 0Á032-0Á211) show large ranges in Cl/K. The Sierra Negra and Fernandina groups have overlapping ranges in Cl/K ratios (Sierra Negra Cl/K ¼ 0Á033-0Á116; Fernandina Cl/K ¼ 0Á039-0Á149). Whereas a Cl/K ratio up to 0Á08 has been attributed to the mantle source of other ocean island basalts (Michael & Cornell, 1998;  Nd for individual glasses. Also shown are grey shaded fields representing previously reported data from the Galapagos Spreading Center (GSC) (Ingle et al., 2010) , yellow and green fields showing the volatile and refractory trace element data reported in this study and the unpublished isotopic data for the DM and Pinta groups, respectively, from the SONNE SO158 cruise (K. Hoernle, personal communication) . Dashed lines show the expected values of volatile/refractory element ratios for FOZO and D-MORB values from the literature (e.g. Dixon et al., 2002; Saal et al., 2002; Koleszar et al., 2009; Shimizu et al., 2016) . Errors are 2r standard errors. Stroncik & Haase, 2004; Workman et al., 2006; Shimizu et al., 2016) , the total variations in Cl/K ratios of glasses analyzed for each Galapagos compositional group do not correlate with any indicators of source or extent of melting (such as incompatible trace element and radiogenic isotope ratios). This suggests that the extreme variation in Cl/K within the different groups is not due to magmatic variation in the Cl concentration, but rather is due to variable contamination with hydrothermally altered material. Using a three-element plot with Cl as a common denominator (Fig. 10) , the data show clear binary mixing arrays between high H 2 O/Cl, K/Cl ratios more indicative of the mantle and low H 2 O/Cl, K/Cl ratios that can be attributed to assimilation of a hydrothermally altered component (Michael & Cornell, 1998; Kent et al., 1999a Kent et al., , 1999b Stroncik & Haase, 2004; le Roux et al., 2006; Kendrick et al., 2013 Kendrick et al., , 2015 . The Fernandina, Pinta, and DM groups all show statistically significant linear correlations between H 2 O/Cl and K/Cl, indicating that both H 2 O and Cl were affected by assimilation of hydrothermal components (R 2 and p-values are included in Fig. 10 legend) . The Sierra Negra group is more scattered, which could be the result of more substantial mixing between melts from mantle endmembers with different volatile contents, but there is still a visible trend towards a low H 2 O/Cl, K/Cl hydrothermal component.
The low H 2 O/Cl and K/Cl end-members of the mixing trends are most easily explained by assimilation of a high-salinity brine (Fig. 10) , as opposed to the assimilation of seawater or mixing of melts between the groups. The DM and Pinta groups have overlapping ranges in H 2 O/Cl and K/Cl and converge on a single brine composition ($20 wt % brine), indicated by the intercepts of the linear regressions. The Fernandina and Sierra Negra groups also show overlapping compositions and converge on a similar brine composition ($10 wt % brine) that is lower than that shown for the DM and Pinta groups. The overlapping ranges and similar convergence are difficult to explain through mixing of melts between the different compositional groups and are more probably due to assimilation of a brine. The difference in the composition of brine being assimilated also suggests that the hydrothermal system from which the brine derives changes with distance from the Galapagos spreading ridge and/or proximity to the hypothesized plume center. The samples in the Fernandina, Sierra Negra and Pinta groups with K/Cl > 12Á5 (Cl/K ratios lower than 0Á08; the highest Cl/K ratio attributed to a plume source), as a result, represent the least contaminated samples for Cl and H 2 O. Only a small number of glasses from the DM group fall above K/Cl ¼ 25 (Cl/ K ¼ 0Á04, lowest ratio attributed to a D-or N-MORB source; e.g. Michael & Cornell, 1998; Shimizu et al., 2016) . The H 2 O and Cl contents of the DM group glasses have therefore been greatly affected by contamination.
In the DM group, CO 2 /Nb, H 2 O/Ce, F/Nd and S/Dy ratios weakly correlate with values of Sr/Sr* ! 1 (Fig. 11) . The high Sr/Sr* values in the DM group indicate that these samples have experienced interaction with a plagioclase-rich cumulate before subsequent crystallization of plagioclase (as is discussed in the Results section and shown in Fig. 3 ) (Saal et al., 2007) . Products of hydrothermal alteration, such as amphibole, serpentine and carbonates. serve to concentrate volatile elements in the oceanic crust (e.g. Gillis & Meyer, 2001; Adam & Green, 2011; John et al., 2011; Alt et al., 2012) . Although the mode produced by hydrothermal alteration is highly variable, plagioclase is ubiquitous in the oceanic crust, and occurs as both a primary (magmatic) and secondary Fernandina Group R 2 = .52, p-value = <.001 Sierra Negra Group R 2 = .15, p-value = .001 DM Group R 2 = .67, p-value = <.001 Pinta Group R 2 = .60, p-value = <.001 Wolf Volcano Floreana (hydrothermal) phase (Alt et al., 1996a (Alt et al., , 1996b Bach et al., 2003; Coogan et al., 2003; Barker et al., 2008; Heft et al., 2008; Kirchner & Gillis, 2012) . The assimilation of plagioclase and associated hydrothermally altered cumulates, therefore, can produce Sr/Sr* values >1, accompanied by high volatile/refractory element ratios. The high volatile/refractory element ratios with the highest Sr/Sr* values in the DM group lavas with high MgO contents are, therefore, most probably caused by the early assimilation of hydrothermally altered crust. These results are supported by the extremely high Cl/K ratios, much greater than expected for a MORB source (Michael, 1989; Michael & Cornell, 1998; Stroncik & Haase, 2004; Shimizu et al., 2016) . The broadly positive correlation between Sr/Sr* and CO 2 /Nb, H 2 O/Ce, F/Nd and S/Dy, however, cannot be directly explained by crystal fractionation (which will significantly change only Sr/ Sr*). However, crystal fractionation is associated with degassing and the separation of a sulfide phase, which would potentially produce similar trends. This correlation could also imply that the higher MgO melts that interacted with plagioclase cumulates are mixing with more evolved DM melts less affected by contamination.
Mantle composition
Volatile studies in oceanic basalts suggest that isotopic heterogeneities in the mantle have generally characteristic volatile/refractory element ratios (Dixon & Clague, 2001; Dixon et al., 2002; Simons et al., 2002; Workman et al., 2006; Koleszar et al., 2009; Cabral et al., 2014; Kendrick et al., 2014; Jackson et al., 2015; Shimizu et al., 2016) . In this study, after accounting for shallow-level processes, the volatile/refractory element ratios in the end-member compositions of the different groups are within error of each other (Table 3) , the exception being End-member compositions for Fernandina, Sierra Negra, and Pinta groups determined from samples that have been filtered to Cl/ K < 0Á08, Sr/Sr* 1, except in the case of S/Dy, where the additional filter for sulfide saturation and S degassing has been applied. Further conditions exist where indicated. The 1r standard deviations between samples used to define end-member are indicated.
2
Values are mean and median of extensively degassed samples and therefore do not represent mantle compositions.
3
Determined from a subset of samples that represent the end-member composition determined from F/Nd ratios: D36, D40a, D34a, D38a, D47a. 4 Determined from a subset of samples with an isotopic composition closest to the Pinta component: PL02-30-1, DR40-1, DR40-3, DR41-A-1, DR46-A-1.
5
Determined from a subset of samples with Cl/K < 0Á04 and Sr/Sr* 1Á2: PL02-14-8, PL02-10-8, PL02-12-1 DR72-A-1, DR70-2, DR80-2. Set by expected value for depleted MORB mantle (Saal et al., 2002) .
7
Set by average value of MORB mantle as found by Shimizu et al. (2016) , as average of filtered samples for the DM group (283 6 58) greatly exceeds that previously found in the Galapagos and is therefore most probably the result of contamination with hydrothermally altered crust.
the DM group glasses with generally low volatile/refractory element ratios similar to MORB, and the F/Nd ratios (Figs 12 and 13) , which show the largest variation between the groups. The Fernandina group endmember (most representative of the high 3 He/ 4 He mantle component) has H 2 O/Ce (202 6 26) and F/Nd ratios (20Á2 6 0Á8) that are close to those generally predicted for the FOZO mantle component based on a limited number of studies (F/Nd $ 21, H 2 O/Ce $ 200, McDonough & Sun, 1995; Dixon et al., 2002; Simons et al., 2002; Koleszar et al., 2009) . In contrast, the Sierra Negra group end-member has a slightly lower H 2 O/Ce ratio (H 2 O/Ce ¼ 173 6 23) and higher F/Nd ratio (25Á2 6 1Á1). The S/Dy and Cl/K ratios are essentially the same between the Fernandina group (S/Dy ¼ 210 6 19, Cl/K ¼ 0Á06 6 0Á01) and the Sierra Negra group (S/ Dy ¼ 234 6 22, Cl/K ¼ 0Á05 6 0Á01) end-members (Fig.  13) . The single sample with an isotopic composition within the field for Floreana lavas (DRIFT04 D69b) has F/ Nd ¼ 48, the highest of all the glasses measured, and H 2 O/Ce ¼ 198, Cl/K ¼ 0Á09 and S/Dy ¼ 206, similar to the other enriched compositional groups.
There is a statistically significant correlation between 3 He/ 4 He and D7/4 (Fig. 12 , R 2 ¼ 0Á52) for the Sierra Negra group glasses, which suggests that melts from the Fernandina, Floreana and/or Pinta groups are influencing the composition of the Sierra Negra group samples.
The H 2 O/Ce ratio of the Sierra Negra group glasses is at the upper limit of what has been measured in other OIB having isotopic evidence of recycled crustal material. Examples of this include HIMU-type compositions such as Mangaia (119-245) (Cabral et al., 2014) and Tuvalu (75-84) and EM-type compositions such as Samoa (58-157) (Workman et al., 2006) , Pitcairn (80) and Society (60) (Kendrick et al., 2014) , and the Shona, Discovery and Great Meteor anomalies (<100) . The higher H 2 O/Ce ratio of the Sierra Negra group, therefore, could be reflecting the influence of the Fernandina, Floreana and/or Pinta components, as all of the glasses from these components also have high H 2 O/Ce ratios. The F/Nd ratio of the Sierra Negra component is distinct from that of either the Pinta or the Fernandina group. Although the 3 He/ 4 He ratios in the Sierra Negra group range from 22 to 8 R A , the sample with the highest F/Nd ratio in this group (F/Nd ¼ 26Á5), has an intermediate 3 (Graham et al., 1993; Kurz & Geist, 1999; Harpp et al., 2014) (Fig. 12) . The high F/Nd ratios shown by the Sierra Negra group, similar to the unusually high H 2 O/ Ce ratios, could be the result of the influence of the Fernandina, Floreana and/or Pinta end-members, consistent with the isotopic composition of the Sierra He. The D7/4 calculations are based on the equations of Hart (1984) and represent the deviations from the Northern Hemisphere Reference Line. A linear regression is included for the Sierra Negra group (R 2 ¼ 0Á52). Grey fields represent the range in 3 He/ 4 He and D7/4 previously reported for Floreana lavas, and the full possible range in F/Nd, although the single Floreana sample analyzed in this study (inset) suggests high F/Nd, as is typically reported for the HIMU-type mantle component (Cabral et al., 2014; Jackson et al., 2015) . Errors are 2r standard errors.
Negra group glasses being intermediate to those of the previously mentioned end-member components (Graham et al., 1993; White et al., 1993; Kurz & Geist, 1999; Blichert-Toft & White, 2001; Harpp & White, 2001; Saal et al., 2007; Kurz et al., 2009 ). The single sample with an isotopic composition of Floreana lavas has a F/ Nd, H 2 O/Ce, Cl/K, and S/Dy consistent with those ratios reported for other HIMU OIB, such as Mangaia (Cabral et al., 2014) , Tuvalu , Foundation and Easter seamount chains and St Helena (Stroncik & Haase, 2004) . A 30:70 mixture between the Floreana composition glass and the end-member composition of Pb -9Á3066). End-member compositions for the Sierra Negra, Fernandina, and Pinta groups (shown as a large transparent symbol for each group) are determined from samples filtered to Cl/K ratios 0Á08 and, in the case of S/Dy ratios, S/Dy ratios ! 175 that are not sulfide-saturated. Additionally, for the Sierra Negra group, end-member components are the mean and median of the volatile/refractory trace element ratios of the samples with isotopic compositions most similar to Floreana; samples not used in the calculation of the end-member are shown with smaller transparent symbols. The end-member component for the Fernandina group is defined by the average and median values of the filtered samples. The Pinta group end-member is defined by the mean and median values of those samples with an isotopic composition closest to the Pinta regional component, with samples not used in the calculation of the end-member shown with smaller transparent symbols. Volatile/refractory element ratios of the DM end-member composition are set by the ratios found in the MORB source (Shimizu et al., 2016) for CO 2 /Nb and H 2 O/Ce and for F/Nd, S/Dy, and Cl/K by the mean and median of samples filtered to Cl/K ratios < 0Á04 (highest value found in uncontaminated MORB) and, in the case of S/Dy ratios, S/Dy ratios ! 175 that are not sulfide-saturated (Table 3) . Dashed lines show the values generally cited for the FOZO and D-MORB sources (e.g. Dixon et al., 2002; Saal et al., 2002; Simons et al., 2002; Shimizu et al., 2016) . Yellow and green fields show the volatile and refractory trace elements reported in this study and unpublished isotopic data for the DM and Pinta groups, respectively, from the SONNE SO158 cruise (K. Hoernle, personal communication) . Errors bars showing the 1 standard deviation of samples used to set end-member compositions.
Fernandina (Table 3) reproduces, within error, the isotopic composition as well as volatile contents of the end-member composition of the Sierra Negra group.
Samples from the Pinta group end-member that are the least affected by mixing with melts from the DM group have isotopic signatures most similar to the Pinta-Wolf-Darwin Islands. These samples yield H 2 O/ Ce (226 6 32), F/Nd (22Á4 6 1Á7), S/Dy (246 6 37) and Cl/K ratios (0Á07 6 0Á01) similar to the Fernandina and Sierra Negra groups (Fig. 13) . The H 2 O/Ce is higher than what has been found for other EM-type sources such as Samoa, Pitcairn and Society (Workman et al., 2006; Kendrick et al., 2014) . This suggests either the Pinta source is also being influenced by the other endmembers in the Galapagos (e.g. the DM component) or that the recycled material contributing to the Pinta mantle end-member has a higher concentration of volatiles than other EM-type OIB. Using a source with the isotopic composition of the Pinta mantle end-member, but volatiles consistent with the uncontaminated values reported for Pitcairn (Kendrick et al., 2014) , a mixture of Pinta with the H 2 O/Ce ratios of the Cl-uncontaminated DM group (283 6 58) produces the range in isotope and H 2 O/Ce ratios we see for uncontaminated Pinta group glass. Based on the ranges we see in all of the volatile/ refractory element ratios for Pinta, it seems that mixing may have occurred after the melts were contaminated with shallow-level material.
The DM group glasses have, as expected, volatile/ refractory trace element ratios similar to MORB. Although many glasses from this group show strong evidence of contamination, a small subset of samples with Cl/K below 0Á04, the highest value attributed to uncontaminated MORB (Shimizu et al., 2016) , has corresponding F/Nd (18Á8 6 2Á2) and S/Dy ratios (221 6 10) within the range reported for MORB and the Santiago melt inclusions analyzed by Koleszar et al. (2009) (Fig.  13) . These samples yield F (13 6 1Á5), Cl (1Á5 6 0Á5) and S contents (111 6 5) of the mantle source (using mantle contents of Nd $ 0Á7, K $ 50 and Dy $ 0Á5) similar to those estimated for the depleted MORB mantle (DMM) ( Table 4) . The H 2 O/Ce ratios of the Cl-uncontaminated DM group (283 6 58) are at the upper bound of what is expected for the depleted upper mantle (e.g. Dixon et al., 2002; Saal et al., 2002; Shimizu et al., 2016) and higher than the H 2 O/Ce ratio of the Santiago melt inclusions analyzed by Koleszar et al. (2009) . As a result, it is difficult to know how representative the H 2 O/Ce ratios of the DM glasses are of the DM source in the Galapagos. The highest CO 2 /Nb ratios of the DM group are similar to the range found in undegassed D-MORB (Saal et al., 2002; Cartigny et al., 2008) , but these glasses are associated with the highest values of Sr/Sr*, suggesting that contamination increased the CO 2 /Nb ratios (Fig. 11) . Therefore we use the CO 2 /Nb and H 2 O/Ce ratios previously reported for the depleted DM mantle component based on Shimizu et al. (2016) (Fig. 13) .
The high 3 He/ 4 He of the Fernandina group is thought to indicate the presence of a volatile-rich primitive mantle component. The Fernandina mantle component is not a pure representation of primitive mantle, but instead is the result of a mixture of primitive mantle and either average MORB mantle and/or ancient recycled material (e.g. Farley et al., 1992; Poreda & Craig, 1992; Ballentine et al., 2002; Gonnermann & Mukhopadhyay, 2007) . An estimate for the percentage of primitive mantle in the Fernandina end-member can be calculated using the highest 3 He/ 4 He ratio measured in the Galapagos (30Á3 R A ; Kurz et al., 2014) 
where a is equal to the percentage of primitive mantle in the source. There have been several estimates of the present-day 3 He contents of the primitive mantle by assuming an initial 3 He/ 4 He ¼ 120 R A (e.g. Pepin & Porcelli, 2002; Wieler, 2002) for a mantle that remained a closed system for 4Á5 Gyr with a U concentration of 21 ppb and U/Th ¼ 3Á8. This produces a present-day 3 He/ 4 He ratio between $ 35 and 50 R A ; thus, the resulting 3 He contents of the primitive mantle range from 2 Â 10 -13 to 9 Â 10 -14 mol g -1 (Harper & Jacobsen, 1996; Pepin & Porcelli, 2002; Gonnermann & Mukhopadhyay, 2007; Marty, 2012; Halliday, 2013 The volatile contents of the primitive mantle component forming the Fernandina mantle can be estimated using the proportions calculated above, the volatile/refractory element ratios of the Fernandina end-member, the volatile and trace element contents of the MORB mantle (Workman et al., 2006; Shimizu et al., 2016) and the trace element abundances of the primitive mantle (McDonough & Sun, 1995) (Table 4 ). The carbon content of the Fernandina glasses is significantly degassed, and thus the best approximation is to use CO 2 /Nb ratios of $ 600 and CO 2 /Ba of 120 (Cartigny et al., 2008; Shimizu et al., 2016) ( Table 4 ). The resulting primitive mantle volatile concentrations are CO 2 $ 450 6 30 ppm, H 2 O $ 394 6 33 ppm, F $ 40 6 9 ppm, Cl $ 18 6 2 ppm, S $ 250 6 65 ppm and a H/C mass ratio of $ 0Á4. All these values are within error of previous estimates for H/C mass ratios and the volatile content of the primitive mantle (McDonough & Sun, 1995; Hirschmann & Dasgupta, 2009; Marty, 2012; Halliday, 2013) , but with lower concentrations than those estimated by Marty (2012) , who based his estimates on the noble gas concentrations of the primitive mantle.
C/ 3 He ratios of the high 3 He/ 4 He mantle source
The similar solubilities of CO 2 and He in basaltic melts allow us to estimate the C/ 3 He ratio in the mantle source (Lux, 1987; Pan et al., 1991; Dixon et al., 1995; Jendrzejewski et al., 1997) . However, different techniques can yield different C/ 3 He ratios. The C/ 3 He ratios of the glasses of this study were calculated using the CO 2 SIMS data and the dissolved 3 He contents of the glasses obtained by melting of the Fernandina samples. After the samples were crushed in vacuo for the measurement of helium abundance and isotopic composition in the vesicles, the glasses powders were then melted . The melting step therefore yields the He retained in the glass matrix as opposed to that residing in the vesicles. The C/ 3 He ratio may be a minimum value because we are assuming that all 3 He released during the melting step is from the matrix. The calculated C/ 3 He ratios of the Fernandina glasses average (1Á34 6 1) Â 10 10 [unusually low He concentration glasses are excluded from the average, after Kurz et al. (2009) ]. This average ratio is an order of magnitude higher than the canonical MORB upper mantle value C/ 3 He $ (2 6 1) Â 10 9 (Marty & Jambon, 1987; Marty & Tolstikhin, 1998; Shaw et al., 2004; Barry et al., 2014) , and ranges to the highest values measured for mantle plumes, (2-20) Â 10 9 (Trull et al., 1993; Marty & Tolstikhin, 1998; Marty & Zimmermann, 1999; Barry et al., 2014) . Recent work by Pé ron et al. (2016), on two of the same Galapagos glasses reported here (AHA-NEMO D22A and D22B), yielded C/ 3 He $ (2Á5 6 3) Â 10 9 using a single-vesicle laser ablation technique. Their C/ 3 He ratios are one order of magnitude lower than those obtained by ion probe (and melting data) and are consistent with the canonical upper mantle value for C/ 3 He. The possible causes for the difference in C/ 3 He ratios between the two studies include kinetic degassing, diffusive He loss from the glass matrix, or assimilation of shallow lithospheric material. Kinetic degassing during eruption and quenching and diffusive loss of He from the glass after quenching could increase the C/ 3 He ratio owing to the higher diffusivity of (Lux, 1987; Nowak et al., 2004) ], thus providing a possible explanation for the discrepancy. Assimilation of a carbonate-rich source in the oceanic lithosphere could explain the higher C/ 3 He ratios (Shaw et al., 2004) . However, assimilation of lithospheric material should manifest itself in other trace element proxies that would potentially correlate with the C/ 3 He ratios in Galapagos glasses, a correlation that is not observed. The large difference in C/ 3 He ratios between the two methods most probably relates to the different approaches used; that is, gas released from vesicles (Pé ron et al., 2016) , as opposed to residual glass CO 2 and helium. Given the possibility of diffusive fractionation, we cannot use the 10 times higher C/ 3 He reported in Table 1 as representative of the mantle.
The relative constancy of the C/ 3 He ratios between MORB and high 3 He/ 4 He OIB lavas raises some important issues. For example, when considering the volatile concentrations of primitive mantle calculated in the previous section and estimates for primitive mantle 3 He contents, all calculated C/ 3 He ratios for the high 3 He/ 4 He primitive mantle are lower than the canonical ratio. This indicates that the primitive mantle should have an $20-50 times higher C content or lower 3 He content than estimated, which is difficult to reconcile with the measured volatile/refractory ratios in oceanic basalts (Halliday, 2013) . Alternatively, the C/ 3 He ratio may not be constant throughout the mantle. Another possibility is that the two-layer model assumed in the calculations is not correct, which would be consistent with the observed isotopic complexity for global OIB data (e.g. the need for multiple Galapagos mantle sources). Other models have explained the constant C/ 3 He ratios of the mantle by using the impact erosion model of O 'Neill & Palme (2008) , in which the MORB source is representative of the total mantle. Halliday (2013) presented a series of models, a two-layer model, an impact erosion model and a 'basalt glass model', which is based on the actual measured concentrations of H, C and N in glasses. Comparing both the two-layer mantle model and the impact erosion model with the basalt glass model shows that the estimated composition of the mantle is more consistent with an impact erosion model than the two-layer model, although it is unclear how representative oceanic basalts are of the lower mantle.
The effect of H 2 O content on mantle rheology
The H 2 O content has a strong effect on the viscosity of the mantle. The primitive mantle, as calculated above, has approximately three times the H 2 O concentration of that predicted for the average MORB-source ($400 ppm versus 140 ppm) and up to seven times the water content of the depleted MORB source end-member (59 ppm) (Workman & Hart, 2005; Shimizu et al., 2016) . These values can be used in conjunction with the power law relationship of the strain rate (_ e _ ) to the differential stress (r) of an olivine aggregate to estimate the expected variation in viscosity between the primitive mantle component of the plume and the ambient depleted MORB mantle component (Hirth & Kohlstedt, 1996 :
In equation (2), A is a material parameter, n is the stress exponent, d is grain size, p is the grain size exponent, fH 2 O is water fugacity, r is the water fugacity exponent, E* is the activation energy, V* is the activation volume, R is the gas constant and T is the absolute temperature. In our simple calculations we have neglected the effect of the presence of melt on the strain rate for both the diffusion and dislocation creep regimes. We also use a constant differential stress of 0Á3 MPa, as this is the magnitude of the differential stress typical of convecting mantle (e.g. Hirth & Kohlstedt, 2003) . The values for wet diffusion and wet dislocation creep regimes suggest that the viscosity of the high 3 He/ 4 He primitive mantle component would be, respectively, $7 and $10 times less viscous than that predicted for the depleted MORB mantle end-member component, which makes up $80% of the upper mantle (Shimizu et al., 2016) ( Table 5) . The low viscosity imparted by the higher H 2 O concentration of the high 3 He/ 4 He mantle source in (Paterson, 1982) .
comparison with ambient depleted MORB mantle has important implications for the rheological study of the Galapagos plume. The low viscosity would cause enhanced plume upwelling without the need for a large temperature anomaly (e.g. Sleep, 1990; Asimow et al., 2004; Ito & Bianco, 2014) ; an enhanced upwelling is consistent with the buoyancy flux associated with the Galapagos plume (Sleep, 1990; Ribe, 1996) . Furthermore, plume-ridge interaction will be affected by the presence of a low-viscosity primitive component, as this will affect the rate of flow and path of plume material in relation to the ridge. The decoupling of the Galapagos plume from plate motion (Gibson & Geist, 2010; Ito & Bianco, 2014; Gibson et al., 2015) is consistent with the Fernandina mantle material having lower viscosity than the ambient upper mantle. The lack of high 3 He/ 4 He ratios in basalts along the Galapagos Spreading Center (GSC) might also be explained by the volatile-rich composition of the high 3 He/ 4 He plume component. Although seismological images of the Galapagos plume bending towards the ridge (Villagomez et al., 2007 (Villagomez et al., , 2011 (Villagomez et al., , 2014 and the isotopic and trace element enrichment of the GSC lavas in the vicinity of the Galapagos plume (Detrick et al., 2002; Schilling et al., 2003; Cushman et al., 2004; Ingle et al., 2010) are clear evidence of plume-ridge interaction, there is no evidence of high 3 He/ 4 He lavas in the GSC (Graham et al., 2013) . The absence of the high 3 He/ 4 He signal could potentially be explained by enhanced vertical upwelling of the low-viscosity (high-volatile, high 3 He/ 4 He ratio), primitive mantle component of the plume. Another possible explanation would be the generation of a carbonated silicate liquid derived from the volatile-rich, high 3 He/ 4 He, primitive mantle component that flows rapidly and vertically from the plume conduit (Hofmann et al., 2011) affecting the western sector of the Archipelago, but never reaching the GSC. This is consistent with recent melt modeling of the Galapagos hotspot by Villagomez et al. (2014) , who invoked, based on seismic imaging, the production of carbonatite melt to explain the low-velocity anomalies at greater than 150 km depth.
CONCLUSIONS
We present new volatile element data and associated major, trace and Sr, Nd, Pb and He isotopic compositions of submarine glasses from the Galapagos Archipelago. Our new data, combined with existing data from the literature, reinforce the four end-member mantle components previously defined: Fernandina (high 3 He/ 4 He), Pinta (EM-type), Genovesa (MORB) and Floreana (HIMU-type), although there is only one sample from the Floreana end-member. The majority of the glasses, with the exception of the high 3 He/ 4 He and MORB end-members, are transitional between these end-members, most probably produced by magma mixing, defining compositional and geographically well-defined groups such as the Sierra Negra, Pinta, Fernandina and Depleted Mantle groups. The principal findings of this study can be summarized as follows.
1. All the glasses, except for a few samples from the DM group, have extensively degassed CO 2 . There is minimal degassing of the other volatile species, except for a subset of samples that have degassed S in addition to CO 2 , suggesting that S can start degassing at pressures of $400 bars rather than $50-100 bars. 2. The pressure of CO 2 -H 2 O vapor saturation versus the pressure of sample collection for the samples, in combination with data previously published for other oceanic basalts, reveal a fundamental difference between MORB and OIB, where either a lower melt upwelling rate or faster C and H diffusion in the melt allowed for the continuous equilibration of vapor and melt in OIB that is rarely observed in MORB. 3. The Galapagos submarine glasses range from sulfide-saturated to undersaturated. 4. Assimilation of hydrothermally altered material has affected the Cl and H 2 O contents of a subset of glasses from all of the groups. The Fernandina and Sierra Negra group compositions converge on a 10 wt % brine, whereas the Pinta and DM groups converge on a 20 wt % brine. Furthermore, samples from the DM group with Sr/Sr* ratios >1 have correspondingly high H 2 O/Ce, CO 2 /Nb, F/Nd, and S/Dy ratios. This suggests that the assimilation of plagioclase-rich cumulates is accompanied by the assimilation of volatile-rich phases in the shallow lithosphere. 5. After shallow-level processes are accounted for, there are several points that can be made about the deep mantle signatures of the Galapagos plume, as follows. 6. The Fernandina, Sierra Negra and Pinta group of glasses have high volatile/refractory element ratios whereas the DM group glasses have low ratios similar to those in MORB. The volatile/refractory element ratios are consistent with previous reports for the high 3 He/ 4 He, HIMU and MORB components, but the values measured for the Pinta group are higher than those found in other OIB usually associated with the presence of recycled material (EM-type). Our data suggest that mixing between the different mantle components is pervasive throughout the archipelago, buffering the volatile data. 7. The Fernandina component can be modeled by 6-20% of the 3 He/ 4 He primitive mantle component mixed with the MORB source, assuming a twolayered mantle. From these proportions and the data of this study, the volatile content of the 3 He/ 4 He primitive mantle component can be calculated. The estimated volatile contents and H/C mass ratios are within previous estimations for the primitive mantle. 8. The high volatile content inferred for the enriched components, especially the high 3 He/ 4 He component, will result in a mantle viscosity 7-10 times lower than that predicted for the depleted MORB-mantle component. The high volatile content of the mantle will affect the mantle dynamics and melt migration during plume-ridge interaction, as the low viscosity will affect the rate of flow and path of plume material in relation to the ridge, thus providing an explanation for the lack of 3 He/ 4 He in lavas from the GSC erupting in the vicinity of the Galapagos plume.
